Results: Here, we show that C. elegans cdc-42 plays an essential role in the polarity of the one-cell embryo and the proper localization of PAR Current Biology 2001, 11:482-488 proteins. Inhibition of cdc-42 using RNA interference results in embryos with a phenotype that is nearly identical to par-3, par-6, and pkc-3 mutants, 0960-9822/01/$ -see front matter and asymmetric localization of these and other PAR proteins is lost. We further show that C. elegans CDC-42 physically interacts with PAR-6 in a yeast two-hybrid system, consistent with data on the interaction of human homologs.
Background

Results and discussion
The C. elegans homolog of Cdc42, encoded by the preThe polarity of the C. elegans embryo is established during the first cell cycle. Sperm entry, which determines the dicted gene R07G3.1, was previously identified by Chen et al. [4] . Recently, Jantsch-Plunger et al. noted variable posterior end, drives cytoplasmic rearrangements that result in a highly polarized one-cell embryo. For example, early embryonic phenotypes after the reduction of cdc-42 function [5] . Neither of these studies investigated a the first mitotic spindle is asymmetrically placed and germline-associated P granules are localized to the postepossible role for cdc-42 in early embryonic polarity, however. rior end. After the first cleavage, the two resulting blastomeres AB and P1 have different developmental potential, different cell cycle times, and different spindle orientaWe used RNA-mediated interference (RNAi) to inhibit tions. The overall polarity of the one-cell embryo is govthe function of cdc-42 [6] . We first employed a standard erned by the par (partitioning-defective) genes. MutaRNAi injection protocol, where embryos were examined tions in these genes result in a symmetric first cleavage, 24-48 hr after injection of the mothers. We found a temfailure in P granule segregation to P blastomeres, spindle perature dependence of the phenotype. At 25ЊC, embryorientation defects, and equal cell cycle times in the onic lethality was 86% (n ϭ 353); embryos were frequently daughter cells. In addition, PAR proteins themselves exosmotically sensitive and displayed abnormal eggshell hibit an asymmetric distribution (reviewed in [1] ). How shapes, making the analysis of early polarity difficult (see the PAR proteins are asymmetrically localized is not well Materials and methods; see Figure S1 in Supplementary understood, but many localizations are interdependent.
material published with this article on the Internet). In embryos that could be analyzed, the spindle orientations of AB and P1 were variably defective (see Materials and Cdc42 is a highly conserved small G protein. In yeast, Cdc42 is important for cell polarity during mating and methods). At 15ЊC, osmotic sensitivity and abnormal eggshells were not observed, but embryonic lethality was budding, and in mammalian cells it has been shown to play a role in establishing and maintaining epithelial polar-81% (n ϭ 1264). Because RNAi leads to mRNA degradation, we wondered whether the variable phenotypes could ity [2, 3] . Given this commonality of function, we decided to test whether C. elegans cdc-42 has a function in controlbe due to residual CDC-42 protein in the embryos. Indeed, it has been reported that small G proteins are very ling the polarity of the early embryo. Table 1 Spindle orientation, position of first division, division time, and aster morphology in wild-type and cdc-42(RNAi) embryos.
cdc-42(RNAi) data are from 30 embryos videorecorded from 25 P1. The position of cleavage and aster morphology were measured different mothers. The position of cleavage is expressed as a just after the completion of cytokinesis (this was not scorable in percentage of egg length (mean Ϯ standard deviation) with anterior five embryos because the recordings began at the beginning of the equal to 0%. The position of the cleavage plane in cdc-42 (RNAi) two-cell stage). In the aster morphology column, the circle embryos is more central than in wild type, and is similar to par mutants represents a round aster and the oval a flat aster; the anterior aster (for example, % egg length in par-3 is 52% Ϯ 1.0) [27] . The is on the left and the posterior one is on the right. Spindle difference between the AB and P1 division timing (s) was measured orientations were determined by the positions of the centrosomes as the time taken from nuclear envelope breakdown in AB to that in at nuclear envelope breakdown.
stable, with a half-life of about 15 hr [7] . We thus repeated first mitotic spindle, and the fact that AB and P1 behave similarly with respect to spindle orientation and cell cycle RNAi of cdc-42 at 15ЊC, but waited longer before analyzing the resulting embryos. We found that 48-72 hr postinjectiming indicate that cdc-42 has a role in establishing embryonic polarity. The failure of a small percentage of anation, 100% of cdc-42(RNAi) embryos die (n ϭ 560), and that these embryos have a consistent mutant phenotype; lyzed embryos to display all of the identified defects may be due to incomplete silencing by RNAi. rare osmotic sensitivity and eggshell defects were seen after more than 72 hr postinjection at 15ЊC. Unfortunately,
The phenotypes of cdc-42(RNAi) embryos are reminiscent our attempts to raise an antibody to CDC-42 or to localize of those lacking PAR-3, PAR-6, or PKC-3 (see Figure  CDC -42 with published antibodies were not successful.
1e,f). In par-3, par-6, or pkc-3 mutants the first cleavage Therefore, although cdc-42(RNAi) embryos will have a is symmetric, both anterior and posterior asters are flat, cell reduction of cdc-42 function, we cannot assay whether a cycle times are equal, and nuclear-centrosome rotation small amount of CDC-42 protein might remain. Because occurs in both AB and P1 cells [8] [9] [10] [11] . In mammalian the 15ЊC 48-72 hr protocol gives a strong and consistent cells, homologs of these three proteins form a functional polarity phenotype, we used this method for our analysis complex [12] [13] [14] . This complex probably exists in C. eleof the role of CDC-42 in embryonic polarity. We have not gans as well, because PKC-3 has been shown to physically further characterized the osmotic sensitivity and eggshell associate with PAR-3 [11], and a complex of the three defects seen at 25ЊC.
has been detected (T. Hung and K. Kemphues, personal communication) . To see whether CDC-42 might have a In cdc-42(RNAi) embryos, the first mitotic spindle is symmetrically placed compared to wild type (Table 1) and role in regulating this complex, we examined the distribution of PAR-3, PAR-6, and PKC-3 in cdc-42(RNAi) emboth the anterior and posterior asters have the flat appearance of a wild-type posterior aster ( Figure 1c ; Table 1 ).
bryos. In wild-type embryos, these proteins are all localized to the anterior cortex of one-cell embryos ( Figure  In wild-type two-cell embryos, the AB spindle is oriented perpendicular to the first division, but the P1 division 2a) [8, 10, 11] . In two-cell embryos, they are found all around the cortex of the anterior AB cell and are restricted is along the same axis as the first division because of nuclear-centrosome rotation in that cell (Figure 1b Table 1 ). In addition, AB and P1 divide nearly synchronously in contrast to the 2 min difference in divi-PAR-6 is initially localized correctly to the anterior ( Figure  2b ). From metaphase of the first division onward, howsion time between wild-type AB and P1 blastomeres (Table 1). The defects in placement and morphology of the ever, anterior localization is lost and PAR-6 is found found weakly at both the anterior and posterior cortices but is often richer at the posterior cortex ( Figure 2h ). In later one-cell embryos and in two-cell embryos, PAR-2 is found at both anterior and posterior cortices (Figure 2j ,l) rather than being restricted to the posterior. In addition, PAR-1, which is normally localized to the posterior, is uniformly distributed in one-cell and two-cell cdc-42(RNAi) embryos ( Figure 3 ).
As an additional assay of polarity in cdc-42(RNAi) embryos, we examined the distribution of the P granules, which in wild-type embryos are segregated to the P lineage (for example, to P1 and then to P2) [17] . In cdc-42(RNAi) embryos, P granules are partitioned normally to the P1 cell. In the majority of embryos, however, they are incorrectly partitioned to both P2 and EMS at the second cell cycle rather than being segregated exclusively to P2 ( Figure 1h ); in most of the remainder, P granules are found in all four cells (see legend to Figure 1 ). This phenotype is shared with par-6 mutants [9].
One proposed role of the PAR-3/PAR-6/PKC-3 complex were all localized to the cortex of both AB and P1, as in cdc-42(RNAi) four-cell embryo with P granules in both EMS and P2.
par-2 mutants, where no rotation occurs. We suggest that
In 96% of cdc-42(RNAi) two-cell embryos, P granules are found CDC-42 is required both for the proper localization of only in P1 (n ϭ 46). In most four-cell embryos, they are found in both these proteins and for their activity. Consistent with this P2 and EMS (84%, n ϭ 45). In some cases they are found in all four cells (11%) or only in P2 (5%). Posterior is to the right. The scale idea, PAR-3 is found around AB and P1 cortices in par-6 bar in (a) represents 10 m.
mutants where spindles do rotate, but where the complex is thought to be inactive due to lack of PAR-6 [9].
To further investigate the connection between CDCweakly around the entire cortex (Figure 2d) . Similarly, in 42 and the PAR-3/PAR-6/PKC-3 complex, we tested two-cell embryos, PAR-6 is weakly found at the cortex whether a physical interaction between these might occur. of both AB and P1 rather than being anteriorly restricted Recently, it was shown that mammalian Cdc42 is able to (compare Figure 2f with 2e) . PAR-3 and PKC-3 follow interact with PAR-6 in a two-hybrid system, and that in an identical localization pattern in cdc-42(RNAi) embryos mammalian cells, Cdc42 coprecipitates with the mamma-(see legend to Figures 2 and S2) . Therefore, CDC-42 is relian PAR-3/PAR-6/PKC-3 complex [12] [13] [14] . A fragment quired for the asymmetric distribution of PAR-3, PAR-6, of PAR-6 containing the PDZ domain and the so-called and PKC-3. The normal anterior localization of these prosemi-CRIB domain, a domain with homology to the CRIB teins in early one-cell embryos suggests that CDC-42 may domain but that lacks some of the most conserved resinot be required for the initial asymmetric localization of dues, is necessary and sufficient for this interaction, but the complex, but appears to be necessary to maintain this the semi-CRIB domain is not sufficient. We tested localization.
whether C. elegans CDC-42 could interact with PAR-6. CDC-42 is active and interacts with downstream effectors As the localization of different PAR proteins is interdewhen bound to GTP but is inactive when bound to GDP. pendent, we wondered whether the localization of the We constructed an activated form of CDC-42 that should posteriorly localized PAR proteins PAR-1 and PAR-2 [15, mimic the GTP-bound form, CDC-42(Q61L), as well as 16] was also affected in cdc-42(RNAi) embryos. Up to metaphase of one-cell cdc-42(RNAi) embryos, PAR-2 is a dominant-negative form that should be constitutively Asymmetric localization of PAR-6 and PAR-2 is lost in cdc-42(RNAi) PAR-6 is found at the cortex (n ϭ 27). Again, PAR-3 and PKC-3 follow embryos. (a-f) PAR-6 (green) and DNA (visualized with DAPI; inset at the same pattern of localization in two-cell cdc-42(RNAi) embryos, lower right of each panel). In wild-type one-cell embryos during being found around AB and P1 cortices in 92% (n ϭ 26) and 78% pronuclear migration (a) or at telophase (c), PAR-6 is enriched at (n ϭ 23) of two-cell embryos, respectively. In the remainder, no the anterior periphery. (b) cdc-42(RNAi) embryo during pronuclear detectable PAR-3 or PKC-3 are found at the cortex. See Figure S2 migration. PAR-6 is localized at the anterior periphery as in wild type for PAR-3 and PKC-3 staining. (g-l) PAR-2 (green) and DNA (100%, n ϭ 18). PAR-3 (100%, n ϭ 10) and PKC-3 (95%, n ϭ 19) (visualized with DAPI; inset at lower right of each panel). In wild-type are also localized as in wild-type embryos at this stage of cdcone-cell embryos at pronuclear meeting (g) or at metaphase (i),
42(RNAi) embryos. (d) cdc-42(RNAi) one-cell embryo at telophase. PAR-2 is enriched at the posterior periphery. (h) cdc-42(RNAi)
one-PAR-6 is found around both anterior and posterior cortices of 85% cell embryo at pronuclear meeting. Before metaphase, PAR-2 is weakly of one-cell cdc-42(RNAi) embryos from metaphase onward (n ϭ 13); enriched at the posterior in 38% of embryos and uniformly distributed in the remainder there is no detectable PAR-6 at the cortex. PARin the remainder (n ϭ 13). ( j) In cdc-42(RNAi) one-cell embryos at 3 and PKC-3 are also found around both anterior and posterior cortices metaphase or later, PAR-2 is found around both anterior and posterior (100%, n ϭ 6 and 60%, n ϭ 10, respectively) from metaphase of cortices (100%, n ϭ 12). (k) Wild-type two-cell embryo with PAR-2 one-cell cdc-42(RNAi) embryos. (e) In two-cell embryos, PAR-6 is localized to the posterior cortex of P1. (l) In 77% of cdc-42(RNAi) found at the periphery of the anterior AB cell and is restricted at the two-cell embryos, PAR-2 is found around the cortices of both AB anterior cortex of P1. PAR-3 and PKC-3 show the same localization and P1. In 15%, PAR-2 is found around both AB and P1 cortices but pattern as PAR-6 in wild-type one-and two-cell embryos [8, 11] .
is enriched at the posterior of P1 cortex, and in 8%, PAR-2 is not (f) cdc-42(RNAi) two-cell embryo. In 74% of embryos, PAR-6 is found detectable at the cortex (n ϭ 26). Posterior is to the right. The scale around the cortices of AB and P1; in the remainder, no detectable bar in (l) represents 10 m.
in the GDP-bound state [CDC-42(T17N)] [18] [19] [20] . Using 42 with PAR-6 could explain how CDC-42 regulates the complex. a two-hybrid system, we found that the activated CDC-42(Q61L) interacts with both full-length PAR-6 and with a fragment containing the semi-CRIB domain and the To help in understanding CDC-42's role in regulating the PAR proteins, we tested whether cdc-42 was epistatic PDZ domain. No interaction was detected between these clones and the inactive CDC-42(T17N) form of CDCto par-2, as these genes have opposite effects on spindle orientation. Surprisingly, we found that the inhibition of 42 (Figure 4) . The semi-CRIB domain alone was not sufficient for the interaction (Figure 4) . These results are cdc-42 in par-2(it46) mutants caused the partial rescue of both mutant phenotypes. The progeny of par-2(it46) similar to those seen between the mammalian counterparts of these proteins. The interaction of C. elegans CDCmutants showed 2% (n ϭ 196) embryonic hatching. After 2001 [this issue of Current Biology]) [28] . Our phenotypic and two-hybrid data suggest that CDC-42 might activate the PAR-3/PAR-6/PKC-3 complex through interaction with PAR-6. CDC-42 appears to be necessary for the activity of the complex as well as for its correct localization. It is also possible that the PAR-3/PAR-6/PKC-3 complex has a role in activating CDC-42, as its initial anterior localization seems CDC-42 independent. One way that CDC-42 and the PAR-3/PAR-6/PKC-3 complex might direct polarity is through the regulation of the actin cytoskeleton. In par-3 mutants and in cdc-42(RNAi) embryos, enrichment of actin at the anterior of early embryos is lost (M.G. and J.A., unpublished data) [21] . Further, cosuppression of par-2 and cdc-42(RNAi) mutant phenotypes suggests that CDC-42 and PAR-2 have counterbalancing, antagonistic activities. Because PAR-2 has a RING finger [22] , a motif that has been proposed to be involved in ubiquitin-mediated protein degradation [23] , CDC-42 might normally activate a protein that is a target of PAR-2. stream targets.
cdc-42(RNAi) two-cell embryo. PAR-1 is found around AB and P1 cortices (100%, n ϭ 18). In early and late one-cell embryos, PAR-1
Materials and methods
is found around anterior and posterior cortices (100%, n ϭ 15). Posterior is to the right. The scale bar in (b) represents 10 m.
Strains and constructs
The Bristol strain N2 was used as the standard wild-type strain. 
Conclusions
were amplified from total cDNA using the following primers: 5Ј-CGG
We have shown that cdc-42 plays an essential role in early GATCCGTATGTCCTACAACGGCTCCTACC-3Ј and 5Ј-AAACCCGG TCGACTCAGTCCTCTCCACTGTCCG-3Ј for full-length PAR-6 and embryonic polarity in C. elegans (see also Kay and Hunter, 5Ј-CGGGATCGAATCATGGGAAGAGAAATATGG-3Ј and 5Ј-AAAC activity was measured by a colony lift filter assay according to published protocols [26] . Positives were blue after 30 min incubations at 37ЊC. At CCGGTCGACCTGAATTCCACCTGTAGCG-3Ј for PAR-6 (98-273). The fragments were cloned into the BamHI and XhoI sites of pACT2 least five independent transformants were analyzed in three independent experiments. (Clontech). Ser substitution (C188S) that prevented prenylation. ␤-Galactosidase
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